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Difficulties exist with designing and testing on a model scale.  The purpose of this 
study is to examine variations in the flow field of a submarine due to hull/propulsor 
interaction and Reynolds scaling.  The scope of this study includes the simulation of the 
flow past a 1) five-bladed marine propeller with 0° skew, 2) unappended submarine hull, 
3) forward propelled submarine with asymmetrical stern appendages, and 4) submarine in 
crashback with asymmetrical stern appendages.  The bare hull simulations are conducted 
for three different length scales:  small model scale, large model scale, and full scale.  
The isolated propeller and appended submarine simulations are conducted on the large 
model scale.  It is of interest how sensitive the various flow characteristics are to 
Reynolds number and the turbulence model.  All simulations are at 0° angle of attack, 
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Today’s submarines travel at speeds in excess of 25 knots and practice extreme 
maneuvers that push the very limit of their design and structural integrity.  It is 
important to understand the forces encountered when such speeds and maneuvers are 
executed.  There are two ways to obtain this information:  experimentation and 
computation. 
 One of the difficulties associated with experimentation is the inability to 
effectively test a full-scale submarine.  Experiments must be carried out on a smaller 
scale and Reynolds scaling used to determine full-scale forces.  The largest scale 
model is a quarter-scale model, but the data from those tests are classified.  The largest 
model scale data available for this study is from a 6% scale model tested at the Large 
Cavitation Channel (LCC) in Memphis, Tennessee.  Reynolds scaling does not 
account for all the differences in the flow, and with such a large jump between the 
scales, small uncertainties can create large inaccuracies on the full-scale level. 
 Another method to determine the forces on a submarine at extreme conditions 
is to computationally simulate the maneuvers.  Computationally simulating such 
conditions is a relatively new avenue of pursuit and pushes current numerical 





1.1 Previous Studies 
 Studies have been performed on both the experimental side and the 
computational side for fully submerged bodies or submarines.  A recent experimental 
venture used to validate many CFD methods is the Defense Advanced Research 
Projects Agency (DARPA) funded study of the SUBOFF model [1].  Experiments on 
the SUBOFF model were performed in the David Taylor Model Basin in 1990.  The 
SUBOFF hull is 14.3 feet long and was tested at a Reynolds number of 1.4 x 107.  
Force and moment data, as well as pressure and skin friction coefficient distributions, 
were recorded.  The model was tested in several configurations, but all were 
unpropelled. 
 The computational investigation of complex hydrodynamic configurations has 
evolved from CFD studies involving aerodynamic bodies that began in the 1980s.  
These studies have focused on fully submerged prolate spheroids and SUBOFF 
configurations because of the availability of the experimental data for validation.  
Such studies have included force and moment validation [2], and full-scale studies [3].   
Little has been done with propelled simulations, and even less with the validation of 
those simulations.  Only within the past five years have propelled studies with the 
SUBOFF model been investigated.  Some work has even involved six-degree-of-
freedom simulations [4], but these are still in the development stages.  This study is 






1.2 Present Study 
 This study will focus on several aspects of the problem described above.  The 
propulsor and body interaction will be investigated, as well as the differences in 
computed flow fields as Reynolds number varies.  Turbulence model effects and the 
integrity of the flow solver to run long duration unsteady problems will also be noted. 
 There are four major parts to this study:  1) simulation of the flow past an 
isolated marine propeller with 0° skew, 2) simulation of the flow past a unappended 
submarine at three different length scales with large corresponding differences in 
Reynolds number, 3) simulation of the flow past a forward propelled submarine with 
asymmetric stern appendages at various advance coefficients, and 4) simulation of the 
flow past a submarine with asymmetric stern appendages in crashback.  Reynolds 
numbers for this study are based on the length of the hull.  All simulations are 
validated by experimental data where available.   
 The bare hull and isolated propeller studies provide the groundwork to analyze 
the propulsor and body interaction.  The forward propelled and appended submarine 
cases will be compared against the component cases in order to analyze what effect 
the impingement of hull boundary layer and appendage wakes on the propeller flow 
field have on the overall flow field.  This relationship is important because it can 








1.3 Chapter Overview 
 The next chapter will discuss the experiments and the flow solver that are 
pertinent to the sufficiency of this study.  Chapter III discusses the methodology 
behind the four major components of this study.  Chapter IV presents the results of the 
study and discusses the relevancy of each.  The last chapter discusses the study as a 










2.1 Description of the Experiments 
2.1.1 Isolated Propeller 
The isolated propeller tests were carried out in the Naval Ship Research and 
Development Center’s (NSRDC) deep-water basin in 1971 [5].  Open water 
propulsion tests were conducted on four marine propellers with varying degrees of 
skew.   The propeller of interest to the current study is the P4381.  The P4381 
propeller has five blades with 0° skew.   
Forward and backing propulsion tests were performed.  The forward tests are 
of primary interest to this study.  A propeller boat was instrumented with a gravity 
dynamometer for the forward tests.  All forward tests were run at a rotational speed of 
7.8 rotations per second (rps) with the speed of advance varying from 2.75 fps to 
10.14 fps.  Thrust and torque data were recorded. 
2.1.2 Submarine Models 
The 6% scale model submarine experiments were conducted at the Large 
Cavitation Channel (LCC) in Memphis, Tennessee.  Three sets of experiments were 
performed:  bare hull, forward propelled, and crashback.  All of these experiments 
used an existing axisymmetric hull (referred to as the LCC hull), which totaled 22.964 




Figure 2.1 shows the layout of the model in the test chamber.  The view of 
Figure 2.1 is from the side.  The submarine model was suspended from the ceiling of 
the test chamber by a strut. 
  
 
Figure 2.1:  Schematic showing orientation and mounting of submarine model. 
 
 For the propelled cases, the LCC hull was outfitted with a one-foot diameter 
P4381 propeller and four asymmetric stern appendages set in a conventional cruciform 
pattern.   The bare hull tests were conducted on the LCC hull without the propeller and 
stern appendages.  
 Although the P4381 is a marine propeller designed for surface ships, it was 
chosen for these experiments because it was readily available, unclassified and 




associated with a submarine propeller.  Importantly, it is designed to operate within 
the boundary layer and wake of a much larger body.   
For this particular hull, the one-foot P4381 is slightly undersized and mounted 
further downstream from the stern appendages than is typical.  This does not 
significantly affect the experiments, but must be considered in analysis.   
 For the bare hull, 61 runs were made at various Reynolds numbers (based on 
body length) ranging from 4.5 x 106 to 1.23 x 108.  A Laser Doppler Velocimeter 
(LDV) was used to measure the tunnel velocities with the reference velocity taken at 
x/L of 0.866, where x is the axial position and L is the length of the body.  Force and 
moment data were also recorded. 
 The forward propelled cases were run at various values of the advance 
coefficient (J, defined as J = V/nD where V is the forward speed, n is the propeller 
rotational speed and D is the propeller diameter) for four different tunnel speeds:  5, 
10, 15, and 20 knots.   These speeds yield Reynolds numbers (based on body length) 
of 1.6 x 107, 3.2 x 107, 4.8 x 107, and 6.4 x 107.  Thrust and drag measurements were 
taken for each case.  A total of 35 runs were made for the forward propelled 
submarine.  Fourteen of those cases are investigated in this study. 
 Thirty-one runs were made for the submarine in crashback.  The crashback 
simulation involves forward tunnel speed, but with the submarine propeller rotating in 
reverse.  These cases were run at various advance coefficients for four different tunnel 
speeds:  2.5, 5, 7.5, 10 knots.  These speeds yield Reynolds numbers of 8 x 106, 1.6 x 




experiments.  Two cases at a Reynolds number of 1.6 x 107 and three cases at a 
Reynolds number of 3.2 x 107 are investigated in this study.   
 Additional bare hull experiments are currently being carried out on a LCC hull 
model that is 11.278 inches in length and is identical in hull contour to the model used 
in the LCC tests.  These tests are performed in the water tunnel located in Patterson 
Engineering Laboratories at Mississippi State University.    The Reynolds numbers 
from these tests range from 7 x 105 to 2.5 x 106.  The purpose of these experiments is 
to provide an additional Reynolds number range for comparison purposes. 
 The previous descriptions are intended to provide context for the 
computational simulations.  A complete description of the experiments can be found in 
[6]. 
2.2 Description of the Flow Solver 
The flow solver used in this study is U2NCLE (Unstructured Unsteady 
Computation of Field Equations).  U2NCLE is a Reynolds-averaged Navier-Stokes 
(RANS) incompressible flow solver capable of performing viscous, high Reynolds 
number flow simulations using unstructured grids.  In [7] the U2NCLE solver is 
demonstrated for large scale meshes, and is shown to be an effective solver for 
complex hydrodynamic applications. 
In this section, the fundamentals behind the flow solver are explained.  If 






2.2.1 Governing Equations 
The pseudo-compressibility method is used to put the governing equations into 
a time-dependent form.  This transforms the equations into a hyperbolic system and 
allows for the use of compressible flow algorithms [9].  The integral form of the 
Navier-Stokes equations is the basis for finite volume flow solvers [10].  Written 







QV ˆˆ       (2.1) 
where  is the outward unit normal to the control volume V. n̂
Given below are the vector of dependent variables and the components of the 


















































































      (2.4) 
The variables in the above equations are normalized by the characteristic 
length and free stream values of velocity, density, and viscosity.  The dependent 




respectively.  P is the pressure.  The unit normal, , is broken into its x, y, and z 
components for the inviscid and viscous flux vectors.  The term β in the inviscid flux 
vector is the pseudo-compressibility factor and is equal to 15 for this study.  Θ is the 
velocity normal to the control volume face.  The viscous stresses from Equation 2.4 

























1)( µµτ       (2.5) 
where µ is the molecular viscosity and µt is the eddy viscosity.  The Reynolds number 
is denoted Re and is defined as LV/ν, where L is the length of the body, V is the 
forward velocity and ν is the kinematic viscosity of water.  
2.2.2 Numerical Method 
The basic flow solver is a node-centered, finite volume, implicit scheme 
applied to general unstructured grids with non-simple elements.  The solver is based 
on domain decomposition for concurrent solution within subdomains assigned to 
multiple processors.  This parallelization allows for quick turnaround of a solution. 
The basic numerical method involves reconstruction of the solution states, 
evaluation of the residuals, and time evolution of the solution in each control volume 
[11].  Reconstruction is done by extrapolating the solution at the vertices to the faces 
of the surrounding control volume using a higher-order spatial method.  The gradients 
at the vertices are computed using the unweighted least squares method and then the 
variables at the interface are computed using a first-order Taylor series.  The 
governing equations are discretized using a finite volume technique.  The surface 




control volume of interest.  The evaluation of the discrete residual is performed 
separately for the inviscid and viscous terms.  After the spatial terms have been 
discretized, the time derivative is approximated.  For the time evolution, a Newton 
iterative scheme is used.  It requires the solution of a sparse linear system at each 
nonlinear subiteration.  A bi-directional Gauss-Seidel algorithm is used to solve the 
system. 
2.2.3 Boundary Conditions 
All the boundary conditions are dealt with in an implicit manner.  The farfield 
conditions are managed by a characteristic variable reconstruction.  Viscous 
conditions are enforced by modifying the linear system such that no change is allowed 
in the velocity, and the pressure is driven according to the imbalance in the continuity 
equation in the boundary control volume. 
A symmetry plane boundary condition is dealt with by creating a layer of 
phantom cells that is a mirror image of the cells inside and connected to the symmetry 
plane.  The control volumes on the symmetry plane are closed and behave just as 
interior control volumes. 
2.2.4 Turbulence Models 
There are two turbulence models available:   1) the one-equation Spalart-
Allmaras model [12], and 2) the two-equation q-ω model [13].  The Spalart-Allmaras 
model formulates a transport equation for the turbulent Reynolds number, which is 
then related to the turbulent viscosity.  The q-ω model uses a transport equation each 




Although the two equation q-ω model is very robust and more accurate, it is also 
more expensive to run due to the number of equations to be solved.  The q-ω model is 
also very sensitive to the surface grid, while the Spalart-Allmaras model is more 









DESCRIPTION OF COMPUTATIONAL CASE PREPARATION 
 
 
 The flow around a powered submarine is very complex due to the interactions 
among the hull boundary layer, appendage boundary layers and wakes, and the 
propulsor.  This study breaks the problem down into bare hull, isolated propeller and 
appended and powered simulations.  The flow fields about the bare hull and isolated 
propeller will be analyzed to determine which flow characteristics are unique to the 
components.  The flow field about the powered and appended submarine will be 
compared against the component flow fields to determine what effect the impingement 
of the hull/appendage flow on the propeller flow has on the overall flow field.   
 Another aspect of this study is the comparison of the hull (bare as well as 
appended) flow field at three different length scales to examine differences in flow 
characteristics.  It has been observed in previous studies that significant differences in 
the submarine flow fields exist between model and full scale flows [14][15].  It is also 
noted that the differences are widespread and not localized to a specific location.  This 
leads to the need to fully simulate the full scale Reynolds number flow in order to 
investigate the flow in its entirety.   
 Several simulations are computed to provide the groundwork for the above 
analyses.  The LCC model and isolated propeller simulations are corroborated with 




The simulation of a submarine in crashback serves as the ultimate test case 
for this study. It demonstrates the integrity of the code to run long duration unsteady 
simulations yielding results in good agreement with experimental data.  It also 
underscores the level of complexity the interaction of the component flows can attain.  
It is hoped that the information gleaned from the crashback simulations will yield new 
insight into the nature of the flow.  It should be noted that for this study, all 
simulations are computed at zero angle of attack. 
 The table in Appendix A breaks down all of the cases and gives the conditions 
for each.  In the remainder of this report, the cases will be referred to by the 
designation given to them in Appendix A.  Multiple cases are referred to by their root 
case name, followed by an x that represents the alphanumeric that designates a 
specific case, i.e. case.1x stands for case.1a, case.1b, case.1c, etc. 
3.1 Bare Hull 
 The bare hull simulations provide a baseline flow field for the propulsor and 
hull interaction study.  These cases are also computed for three different length scales 
for the scaling analysis.  The three length scales correspond to the 11.278-inch small 
model tested in Patterson labs, the 22.9614-foot large model tested in the LCC, and a 






Figure 3.1:  Bare LCC hull. 
 
 The first step in performing these simulations is to build an accurate 
computational model for the hull.  Geometry preparation and surface grid generation 
are performed using SolidMesh [17] with AFLR (Advancing Front/Local 
Reconnection) surface grid generation [18].  The computational grids are multielement 
unstructured meshes generated with an advancing normal methodology for the 
boundary layer elements, and an AFLR methodology for the isotropic volume 
elements as given in [18].  For clarity of discussion, the axis orientation for the 
submarine is as follows:  x-axis is from nose to tail, y-axis is through the dorsal (top) 
of the hull and the z-axis is through the port side (left looking forward).  
 A composite unstructured/structured surface grid is generated for the LCC hull 
and a multielement unstructured mesh is generated for the volume.  A composite grid 
is often used in cases where there is a large axisymmetric section that does not require 
high resolution.  Usually, with a reasonable aspect ratio (less than 5) for the structured 





Figure 3.2 shows the surface grid with the structured grid elements making 
up most of the hull.  The sections in red represent the unstructured portions, and the 
section in blue represents the structured portion of the surface grid.  
 
Figure 3.2:  Composite unstructured/structured surface grid. 
 
The symmetry of the body is exploited to save points, and consequently, 
computational time.  A symmetry plane is used to solve for only half of the hull.  The 
force and moment data are multiplied by a factor of two to take this into consideration.   
One grid is used for all Reynolds numbers for each of the three length scales.  
The initial absolute off-wall spacing of the volume grid from the body is 5 x 10-7, 
which yields a y+ distribution of approximately 1 over the entire hull for the high 
Reynolds number cases. This indicates good viscous sublayer resolution.  The volume 





Figure 3.3:  Volume element distribution about the LCC stern. 
  
For the Reynolds scaling analysis, the axial force coefficient or drag 
coefficient is of major concern.  For the bare.2x cases, the drag coefficient is validated 
with experimental data [Bridges].  The sensitivity of axial force (drag) to the 
streamwise grid density is explored by building two additional grids:  a fully 
structured grid and a fully unstructured grid.  These grids, along with the 
structured/unstructured composite grid, provide three different axial densities and 
topologies to examine the sensitivity of axial drag.  Table 3.1 gives a breakdown of the 
grid statistics.  It is noted that the fully unstructured and the unstructured/structured 







Table 3.1:  Grid statistics. 
Grid Type Nodes Tetrahedra Pyramids Prisms Hexahedra 
Unstructured 397302 410857 419 617760 0 
Unstructured/Structured 410715 363008 434 662984 0 
Structured 1181037 0 120 8160 1143780 
 
 All bare hull simulations were run using local time stepping and converged to 
obtain steady-state solutions.  Runs are made with both turbulence models.  Specific 
run details are outlined by case in Appendix A. 
The bare hull cases were typically run for 1500 time steps.  As seen in the 
figures below, convergence was apparent by 500 time steps, but the solution was run 
further for insurance.  All simulations were carried out using Lakota, a super cluster of 
256 dual gigahertz processor Pentium III computers.  The average computation time 






Figure 3.4:  Convergence history by scale for q-ω turbulence model. 
 
 
 Figure 3.4 shows the q-vector convergence histories that were obtained for the 
various Reynolds numbers using the q-ω turbulence model.  As Reynolds number 







Figure 3.5:  Convergence history by grid type and turbulence model. 
 
It is noted from Figure 3.5 that all of the grids converge at about the same rate.  
The noise in each of the residuals is due to the use of a mean flow limiter to help with 
solver stability.  It is also noted that there is no significant difference in the 
convergence between turbulence models.  Although convergence appears to be 
relatively better with the structured grid, it requires more computational resources.  
The typical load per processor is approximately 100,000 grid points.  The structured 
grid requires 12 processors as opposed to the four required by the 




An additional case, denoted apphull.1, was run to isolate the effects of the 
stern appendages on the flow field.  Figure 3.6 shows the volume grid in the vicinity 
of the stern appendages.  From this picture, the asymmetry of the rudders can be seen.  
Boundary layer clustering is also clearly visible.   
 
Figure 3.6:  Volume element distribution in the vicinity of stern appendages. 
 
3.2 Isolated Propeller 
 Isolated propeller studies are performed using the P4381 marine propulsor.  
The five bladed propeller is mounted on a generic hub.  Figure 3.7 shows the geometry 
used for the isolated simulations.  An unstructured, multielement mesh is generated for 
the propeller geometry.  This mesh consists of 2.4 million nodes, 16,000 pyramids, 2.1 





Figure 3.7:  Geometry and surface grid of the isolated P4381. 
 
The isoprop1.x and isoprop2.x cases are used to validate the simulation and 
compare the turbulence models.  The isoprop3.x cases are run at a Reynolds number 
of 32 million for the advance coefficients that correspond to the 10-knot forward 
propelled cases from the LCC experiments.  The thrust coefficients and velocity 
profiles from these cases will be compared to the fwdsub.xx cases.    
The reference velocity used for non-dimensionalization of variables for flow 
solver input is typically the free stream velocity, U∞.  For the isolated propeller cases, 
the typical non-dimensionalization resulted in very large tip speeds with respect to the 
forward speed.  This created stability problems with the solver.  To make the input 





The isolated propeller cases were run unsteady with local time stepping for 
approximately 300-400 time steps.  The solver was then switched to minimum time 
stepping that corresponded to 1.5  of rotation per time step and run for an additional 
600-700 time steps.  As seen in the given force history (Figure 3.8), around time step 
700 the solution has reached steady state.  The average computational time required 






















































Ahead J=0.95 Ahead J=0.97, Re = 32 million
 
Figure 3.8:  Force history for isolated propeller thrust coefficient.  J = 0.95 correlates 








3.3 Forward Propelled Appended Submarine 
 The forward propelled simulations model the composite flow field generated 
by an appended and propelled submarine in straight and level forward motion.  The 
model for these simulations is the LCC hull with four asymmetric stern appendages 
and a one-foot P4381 propeller.  Figure 3.9 depicts the geometry just described. 
 
Figure 3.9:  Appended LCC Hull with P4381 Propeller 
 
An unstructured grid is generated to model the geometry used in the LCC 
experiments minus the support strut.  The grid is approximately 3.1 million points and 
yields a viscous sublayer resolution for all four Reynolds numbers of y+ of 
approximately 1.  The unstructured mesh consists of 19500 pyramids, 4.3 million 




appendages is shown in Figure 3.10.  This figure shows the point clustering in the 
boundary layer region. 
 
Figure 3.10:  Volume grid in the vicinity of the stern appendages. 
Typical nondimensionalization by free stream quantities is used for flow solver 
inputs.  The propelled submarine cases are run with local time stepping for 
approximately the first 400 time steps.  Time stepping is then switched to minimum 
with step size set to 1.5° rotation per time step.  The rotating propeller is handled by 
locally regenerating the grid in the vicinity of the propeller for each time step.  This 
simulates an actual rotating propeller on a fixed body.  Three Newton iterations are 
used to ensure time accurate solutions.  These cases are run for 800-1000 time steps 
where a periodic state has been well attained.   The force history given in Figure 3.10 
shows convergence to a periodic state for cases fwdsub.1c, fwdsub.2d, fwdsub.3c and 
fwdsub.4c.  The cases are all for an advance coefficient of J≈1.  Note that at a similar 





Figure 3.11:  Force history for forward propelled submarine, J≈1. 
The inset depicts what is meant by periodic state.  Due to the unsteady nature 
of a rotating propeller, the thrust coefficient will not converge to a constant value but 
will converge to a periodic pattern about a mean value.  To allow for this, force 
coefficients are averaged over the last propeller revolution.   
It should be noted that due to the orientation of the computational model (x-
axis from nose to tail), thrust is shown as negative and drag is shown as positive.  
Typical sign designations of thrust as positive and drag as negative are applied for the 
results section.   
Utilizing 31 processors, the computation time required per time step averaged 





3.4 Appended Submarine in Crashback 
The crashback maneuver in this study is a forward moving submarine with the 
propeller rotating in reverse.  This results in a very unsteady flow with the 
establishment of an asymmetric ring vortex around the propeller and a nonuniform 
pressure distribution on the propeller blades.  The complexity and the unsteadiness of 
this flow make it a particular challenge to model numerically. 
 Of utmost importance is the accuracy of modeling this flow.  Crashback 
maneuvers put the submarine under large forces and high stress, and complicate the 
issue of controllability.  The understanding of these forces and stresses, and the 
physics of the ring vortex can greatly aid in the effective design and safety of a 
submarine. 
 Crashback is difficult to analyze experimentally.  The flow’s unsteadiness 
makes Fourier analysis difficult, and complicates long duration testing.  It is also hard 
to simulate the deceleration that occurs during crashback.   If computational 
simulation can yield accurate results, it simplifies the problem of data acquisition and 
generates more data. 
 The grid used for the forward propelled cases is used for the crashback 
simulations.  The major difference between the crashback and forward propelled 
simulations is the direction of propeller rotation.  The crashback cases also require a 
considerable amount of time to converge to a quasi-periodic state, if they ever 
converge.  These cases are run long duration for 18-20 propeller revolutions.  Previous 




solver.  Computation time per time step averages 1.25 minutes.  The total run time 
for a crashback simulation is approximately 120 hours for the super cluster described 
previously.  Figure 3.12 shows the force history for a representative crashback 
solution.  Notice that the switch from local to minimum time stepping occurs around 
time step 400 and convergence is apparent after 3000 time steps. 
 










DISCUSSION OF RESULTS 
 
 The first step in evaluating the computational results is to validate them with 
available experimental data.  The next section presents the validation of the bare hull, 
isolated propeller, and forward propelled simulations with the available experimental 
data described in Section 2.1.  A comparison of the two turbulence models is then 
given.  The real essence of this chapter lies in Sections 4.3 and 4.4 where Reynolds 
scaling and hull/propulsor flow interaction is discussed.  Section 4.5 discusses the 
results of the crashback simulation and presents a few of the more interesting flow 
characteristics.  The last section of this chapter discusses possible sources of error for 
the computational results. 
4.1 Validation of Computational Results 
Drag coefficient is of paramount interest in the bare hull simulations.  
Theoretically, as the Reynolds number increases, the drag coefficient should decrease.  
This occurs because the boundary layer becomes thinner with increase in Reynolds 
number, thus diminishing the effective contour the flow sees.  As shown in Figure 4.1, 




















Figure 4.1:  Drag coefficient versus Reynolds number with 15% error bars.  LCC 
model scale = 22.964 feet. Normalized by length. 
 
It is also noted from Figure 4.1 that the agreement between the computational 
results and the experimental results degrades with the increase in Reynolds number.  A 
potential explanation for this is discussed at the end of this chapter with possible 

















Figure 4.2:  Drag coefficient versus Reynolds number.  LCC model scale.  Normalized 
by projected frontal area. 
   
 Figure 4.2 is similar to Figure 4.1, except that the drag coefficient is 
normalized by projected frontal area rather than hull length.  The same trend is 
apparent in both Figures.  Drag coefficient decreases with Reynolds number, and the 
agreement between the experimental and computational results degrades with increase 
in Reynolds number. 
The drag coefficients from the bare.2f, bare.4f, bare.5a, bare.5b, bare.6a, and 
bare.6b cases are compared against the experimental drag coefficient in Table 4.1.  
The drag coefficients are normalized by hull length.  The percent contribution from 





illustrates the need to include the viscous terms in the computation of these 
simulations despite the increased computational cost. 
Table 4.1:  Drag coefficient comparison between grids and turbulence models. 
Case Name Drag Coefficient % Viscous Forces 
Experimental 0.0008274 ---------------------- 
bare.2f 0.0006546 84 
bare.4f 0.0006254 83.5 
bare.5a 0.0005838 89.5 
bare.5b 0.0005816 88 
bare.6a 0.0006252 82 
bare.6b 0.0006458 83.5 
 
The tightest axial spacing and boundary layer resolution is with the structured 
grid, although it is noted that the structured grid had the poorest agreement with the 
experimental data.   The structured grid was also run with a structured flow solver 
using the k-ε turbulence model [ramesh].  The drag coefficient computed was 0.00056.  
The computational drag coefficients are consistently low.  Three different grid 
topologies and densities, three different turbulence models, and two different flow 
solvers were used to investigate this phenomenon.  Further investigation is warranted, 
but is beyond the scope of this study.  The unstructured/structured results had the best 
agreement and will be used in further analyses. 
The next two plots show the agreement between the computational and 
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Figure 4.3:  Validation of thrust coefficient for isolated propeller. 
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Although, a discussion on the turbulence models follows later, it is noted from 
these plots that the Spalart-Allmaras one equation turbulence model maintains better 
agreement with the experimental data for the thrust coefficient.  For the torque 
coefficient, the q-ω two-equation turbulence model has better agreement with the 
experimental data.  However, there is not a significant difference between either 
turbulence model. 
With good agreement for the bare hull and isolated propeller computations, the 
forward propelled cases are next.  Excellent agreement with the experimental data is 
exhibited by all forward cases.  Some difference is noted for the higher advance 
coefficients.   
The next four plots show the propeller thrust coefficient.  The computational 
data are plotted against the experimental data.  Four tunnel speeds are given with 
varying advance coefficients for each.  The design advance coefficient for the P4381 
is J = 0.889.  It is clear that performance degrades with increase in advance 
coefficient, and for advance coefficients less than the design advance coefficient, no 
real advantage is gained because the thrust curve begins to flatten out.  It is noted that 
the propeller actually produces drag at the higher advance coefficients.   Axial velocity 

















Figure 4.5:  Thrust coefficient for installed propeller versus advance coefficient.  
Tunnel speed is 5 knots.  Reynolds number = 16 million. 
 
Figure 4.6:  Thrust coefficient for installed propeller versus advance coefficient.  































Figure 4.7:  Thrust coefficient for installed propeller versus advance coefficient.  
Tunnel speed is 15 knots.  Reynolds number = 48 million. 
 
Figure 4.8:  Thrust coefficient for installed propeller versus advance coefficient.  


















4.2 Turbulence Model Comparisons 
The choice of turbulence model has a direct effect on the accuracy of the 
solution.  Chapter 2 gave a description of the two turbulence models available for use.  
In general, the Spalart-Allmaras turbulence model is more forgiving in relation to the 
computational geometry.  The q-ω model is more accurate, but due to number of 
equations to be solved is more expensive.  It also tends to be very sensitive to the 
quality of the surface grid.  
It was found that the propelled simulations would not run using the q-ω model.  
It is thought that the surface grid on the propeller is the culprit.  The propeller blade 
tips are very fine and require many points for resolution.  Surface triangulation by the 
grid generator sometimes creates minute ‘divots’ in the surface topology, particularly 
for sharp edges.  Due to the sensitivity of the q-ω model, these ‘divots’ appear to be 
part of the geometry itself.  In trying to account for these geometry characteristics, the 
turbulence model becomes unstable and blows up in relatively short order.  With 
special attention paid to the propeller tips, the geometry could be refined so the q-ω 
model could be used.  This was deemed unnecessary since the Spalart-Allmaras model 
yielded accurate results.  Also, the amount of time required, and the additional 
computational resources that would be needed were considered too great for this 
study.  As shown in the previous section, there is not a significant difference between 
the results from either model.  The agreement between computational and 




Both models were used for the isolated propeller and bare hull simulations.  As 
stated earlier, both models show excellent agreement with the experimental data for 
the isolated propeller.  For the bare hull simulations, the q-ω has slightly better 
agreement with the experimental results, particularly at the lower Reynolds numbers.  
This agreement degrades with the increase in Reynolds number.  For the higher 
Reynolds numbers, the results from both turbulence models are off by 15-20%. 
It is important to understand the differences in the flow field due to the 
turbulence models.  The Reynolds scaling study uses the q-ω model since it had the 
best agreement with the experimental data.  The hull/propulsor interaction study uses 
the Spalart-Allmaras model because of its use in the propelled simulations.  Given 
below are the pressure and skin coefficient distributions across the hull for each 
turbulence model.  The first plot, Figure 4.9, shows that both turbulence models yield 
approximately the same pressure distribution.  Although in Figure 4.10, it is clear that 
the Spalart-Allmaras model has a lower skin friction distribution than does the q-ω 


















Figures 4.11 and 4.12 show the xy-plane axial velocity contours at a Reynolds 
number of 32 million for each turbulence model.   
 
 









The xy-plane axial velocity contours for both turbulence models are very similar.  
Upon close inspection, it is found that the q-ω solution has a thicker boundary layer.   
The next two figures are velocity contours in the yz-plane at an x/L location of 0.9987.  




Figure 4.13:  Velocity contour at x/L = 0.9987 in yz-plane, case bare.4d; Spalart-
Allmaras. 
 
        
      
 




 The difference in the boundary layer thickness can more easily be seen in the 
yz-plane axial velocity contours than in the xy-plane axial velocity contours.  This 
difference is small, but consistent with the drag coefficient plots.  The thicker 
boundary layer would produce more drag.  
 The isolated propeller cases were also run with the two turbulence models.  
The next few plots show the xy-plane and yz-plane axial velocity contours for the 
isolated P4381 at an advance coefficient of J = 0.95.  Flow field differences are minute 
at best.  This is consistent with Figures 4.3 and 4.4; there is not much difference 
between the two turbulence models.   
 
 







Figure 4.16:  Xy-plane axial velocity contour, J = 0.95; q-ω. 
 
 






Figure 4.18:  Yz-plane axial velocity contour, J = 0.95; q-ω. 
 As can be seen in Figures 4.11 – 4.18, the differences in specific flow 
characteristics between the turbulence models are small.  The most noticeable 
difference overall is with the skin friction distribution.  It is decided that consistency in 
the use of a turbulence model is more important than which particular model is used.  
4.3 Reynolds Scaling Analysis 
This section aims to explore some of the particular differences in flow 
characteristics between Reynolds scales.  The three scales under investigation are the 
small model scale (11.278 inches), the LCC model scale (22.964 feet), and full scale 
(383.5 feet).  These three scales generate Reynolds numbers from 770,000 to 1.6 
billion.  It has previously been discussed that simply applying Reynolds scaling 
principles to the force components is not sufficient because it does not take into 




coefficient versus Reynolds number.  This is similar to Figure 4.1, but includes only 
the computational results and covers a broader range of Reynolds numbers.  As 
expected, the same trend of drag coefficient decreasing with Reynolds number 
increase is readily seen.  It is noted that the most significant drop happens across the 
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Figure 4.19:  Computational drag coefficient versus Reynolds number, three length 
scales.  Normalized by length. 
 
 Table 4.2 is a table of bare hull xy-plane axial velocity contours.  Presenting 
these contours side by side makes it easier to see the differences between the Reynolds 
scales.  As the Reynolds number increases, the boundary layer becomes thinner.  The 
Reynolds number and case number are given below the contour.  It is noted that the 





Table 4.2:  Xy-plane axial velocity contours. 
   
 
 
Re = 770,000 bare.1a 
 
Re = 1.5 million bare.1b 
 
Re = 2.3 million bare.1c 
 
Re = 4.5 million bare.2a 
 
Re = 8 million bare.2b 
 
Re = 21 million bare.2c 
 
Re = 32 million bare.2d 
 
Re = 61 million bare.2e 
 
Re = 123 million bare.2f 
 
Re = 534 million bare.3a 
 
Re = 1.06 billion bare.3b 
 





Table 4.3 compares the yz-plane axial velocity contours for all the Reynolds 
numbers.  Again, the progressive diminishing of the boundary layer can be seen across 
the Reynolds numbers.   The view is aft looking forward. 
Table 4.3:  Yz-plane axial velocity contours.  
  
                                       
 
Re = 770,000, bare.1a Re = 1.5 million, bare.1b 
 
Re = 2.3 million, bare.1c 
 
Re = 4.5 million, bare.2a Re = 8 million, bare.2b 
 
Re = 21 million, bare.2c 
 
Re = 32 million, bare.2d Re = 61 million, bare.2e 
 
Re = 123 million, bare.2f 
 
Re = 534 million, bare.3a Re = 1.06 billion, bare.3b 
 





The boundary layer diminishing process seems to become more rapid and more 
pronounced at the higher Reynolds numbers.  This seems counter to the drag 
coefficient plot, Figure 4.19, where the decrease in drag coefficient is more rapid and 
pronounced at the lower Reynolds number.  As stated previously, the diminishing 
boundary layer and decreasing drag coefficient go hand in hand. 
 
Figure 4.20:  Skin friction coefficient distribution along bare hull for various Reynolds 
numbers.  
 
 As seen in Figure 4.20, the skin friction coefficient also decreases with 
increase in Reynolds number.  The decrease in skin friction coefficient is indicative of 
the decrease in boundary layer thickness.  This is related to the corresponding decrease 
in drag coefficient.  Note that there is a lot of noise present at the lowest Reynolds 




Reynolds number.  Since one grid was used for all the Reynolds numbers, the lowest 
Reynolds numbers had the tightest off-wall spacing.   
Next is to compare the propeller flow field at different Reynolds numbers, but 
for the same advance coefficient.  It has been shown in Figure 3.10 that similar 
advance coefficients have similar thrust coefficients.  The two xy-plane axial velocity 
contours and the two yz-plane axial velocity contours given below compare the 
propeller flow fields of an isolated P4381 propeller for an advance coefficient of 
J~0.95 at Reynolds numbers of 2.4 million and 32 million.  For the yz-plane contour 
pictures, the view is aft looking forward.  The cut is at an x/L of 0.9987, which is at 




Figure 4.21(a):  J = 0.95,  




Figure 4.21(b):  J = 0.98,  







Figure 4.22(a):  J = 0.95,  
Re = 2.4 million. 
 
 
Figure 4.22(b):  J = 0.98,  
Re = 32 million. 
 
 For the Reynolds number of 2.4 million, the propeller has a greater influence 
on the surrounding flow field.  There is a ‘bulge’ of high-speed flow in between blade 
passages.  The region of high-speed flow is more confined in the higher Reynolds 
number case.  This confinement limits the propeller’s region of influence.  This effect 








Figure 4.23(a):  Pressure contours for 




Figure 4.23(b):  Pressure contours for 
stern region at Re= 64 million. 
 
Figures 4.23(a) and 4.23(b) show the differences in the region of influence of 
the stern appendages for two Reynolds numbers.  The view is from the top looking 
down.  The stagnation point on the rudder at a Reynolds number of 64 million exhibits 
a greater upstream influence than at a Reynolds number of 16 million.  The 
downstream influence is also more pronounced.  The effect of the stern appendages is 
more widely felt at the higher Reynolds number because of the decreased boundary 
layer thickness. 
The results given in this section illustrate the concept of boundary layer 
thickness reduction, and thusly reduction in drag coefficient, with increase in 
Reynolds number.  It has been shown that for the hull and the propeller, the Reynolds 






4.4 Hull/Propulsor Interaction 
 The complex flow surrounding a powered submarine is analyzed by breaking 
the flow up into its component pieces and examining the characteristics unique to each 
component.  A discussion of the flow field interactions due to the hull, appendages 
and propeller ensues.   
 The three figures below show graphically the differences in the xy-plane axial 
flow field due to the stern appendages and the propeller at a Reynolds number of 32 x 
106.  The addition of the stern appendages thickens the boundary layer upstream, but 
lessens the influence of the hull boundary layer downstream of the submarine.  The 
stern appendages increase the drag on the hull by 125%.  The drag coefficient of the 
bare hull is 0.00074; with the addition of the stern appendages, the drag coefficient 
increases to 0.0017.   In the third picture, the boundary layer can be seen “necking 
down” just before the propeller hub.  The propeller drastically affects the submarine’s 
downstream influence, but doesn’t appear to have any influence upstream of the stern 
appendages.  It is apparent that the propeller is immersed in the wake of the 











Figure 4.24:  Influence of stern appendages and propeller on the hull velocity field. 
 The next figure shows the upstream influence of the stern appendages and the 
propeller.  The view is a cut in the yz-plane just before the appendages.  The axial 




Hull with Stern Appendages 
 
Hull with Stern Appendages and Propeller 
 
 





 It is clearly seen in Figure 4.25 that the stern appendages have an upstream 
influence.  The lack of noticeable differences in the flow field of the hull with 
appendages and the hull with appendages and propeller shows that the appendages are 
the predominant upstream influence.  The propeller has little, if any, effect on the flow 
upstream from the appendages.  This may be due to the propeller being slightly 
undersized and further downstream than is typical. 
 Figure 4.26 shows that the stern appendages maintain a significant influence 
downstream of their position.  This view is at approximately the middle of the 




Hull with Stern Appendages 
 
Hull with Stern Appendages and Propeller 
 
 





 The wake from the stern appendages squares off the interior velocity field 
downstream.  Their location can be identified by the cross pattern in the flow field.  
The swirl pattern seen in the third picture is due to the propeller blade passages.  The 
white area is the accelerated flow that provides the thrust. 
 The next series of graphics are a side-by-side comparison of the velocity fields 
for the isolated propeller and the installed propeller.  Figure 4.26 shows yz-plane axial 
contours at the rear of the propeller blades with the view aft looking forward.  Both 
solution sets were run at the same conditions for a Reynolds number of 32 x 106.   The 
contour scales have been adjusted to show the most flow characteristics.  The advance 
coefficient and case name are given below each picture. 
Table 4.4:  Comparison of isolated propeller and installed propeller yz-plane axial 




J = 0.78, isoprop.3e 
 
 












Table 4.4 (continued):  Comparison of isolated propeller and installed propeller yz-










J = 0.98, fwdsub.2d 
 
 
J = 1.3, isoprop.3c 
 
 














Table 4.4 (concluded):  Comparison of isolated propeller and installed propeller yz-





J = 1.9, isoprop.3b 
 
 
J = 1.9, fwdsub.2b 
 
 
J = 3.83, isoprop.3a 
 
 
J = 3.83, fwdsub.2a 
 
 The cross pattern due to the appendage wakes is apparent in several of the 
above contours.    For J = 1.3, the appendage wakes and hull boundary layer create 
almost a low velocity ring around the propeller.  This phenomenon is not present in 




hull boundary layer confine the flow field generated by the propeller.  All cases show 
similar flow characteristics between the two configurations.  The tip vortices are very 
noticeable in both cases for J = 3.83.  The big difference between the two J = 3.83 
contours is the immersion of the installed propeller in the hull and appendage 
boundary layers.  The interior propeller flow field is mostly low velocity.  On the other 
hand, the isolated propeller interior flow field has pockets of high velocity flow.  
Notice for J = 1.3, the impingement of the appendage wakes on the propeller flow 
field smears out the low velocity pockets to a blurred low velocity ring.  The presence 
of the appendage wakes is less apparent at the lower advance coefficients, but it still 
has an effect.    The isolated propeller contour for J = 0.78 is fairly round.  The 
appendage wakes and hull boundary layer constrain the propeller flow field, which is 
exhibited by the flattened sides of the high velocity region. 
Table 4.5 is a side-by-side comparison of the xy-plane axial velocity contours 
for the isolated propeller and the installed propeller.  It is interesting to note that many 











Table 4.5:  Comparison of isolated propeller and installed propeller xy-plane axial 




J = 0.78, isoprop.3e 
 
 
J = 0.78, fwdsub.2e 
 
 
J = 0.98, isoprop.3d 
 
 














Table 4.5 (continued):  Comparison of isolated propeller and installed propeller xy-





J = 1.3, isoprop.3c 
 
 
J = 1.3, fwdsub.2c 
 
 
J = 1.9, isoprop.3b 
 
 














Table 4.5(concluded):  Comparison of isolated propeller and installed propeller xy-





J = 3.83, isoprop.3a 
 
 
J = 3.83, fwdsub.2a 
 
The predominant difference between the two flow fields is the inflow 
conditions.  The isolated propeller has close to free stream inflow conditions while the 
propeller on the body has the benefit of a reduced inflow due to the hull and 
appendage boundary layers.  Another note is that the isolated propeller, even at the 
lower advance coefficients never generates a concentrated jet of flow.  The reduced 
inflow and the containment by the body and appendage boundary layers allow for the 
body-mounted propeller to produce that jet of flow.   
It is becoming clear that rather than hurting the performance of the propeller, 
the hull and appendage boundary layers actually provide the necessary environment 
for the propeller to do its job.  This makes sense given that marine propellers are 




To support the previous statement further, Figure 4.27 compares the thrust 
coefficients computed from the isoprop.3x and fwdsub.2x cases.  As shown in 
















Figure 4.27:  Thrust coefficient comparison between P4381 mounted on appended 
LCC hull and isolated P4381; Re = 32 million. 
 
 Note in Figure 4.27, the propeller mounted on the body performs better than 
the isolated propeller.  At first, this may seem backwards, but as stated previously, 
marine propulsors are designed to operate mounted to a larger body.  The propeller on 
the appended LCC hull is buried in the boundary layer from the hull and the 
appendages.  Due to this, the effective inflow that the mounted propeller sees is less 




therefore the thrust produced by the propeller blades.  This graph illustrates the point 
that the hull and appendage boundary layers actually aid the propeller in performing 
its function. 
4.4 Submarine Crashback 
In this section, the crashback computations will be shown to be valid and a few 
of the more interesting flow characteristics will be examined.  The first plot is of the 
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Figure 4.28:  Validation of crashback computations cback.1x and cback.2x.  
Experimental has 15% error bars. 
 
 The results for the ten knot cases are much better than the results for the five 
knot cases.  The computational results were averaged over two propeller revolutions in 




within the 15% error bound which is very good agreement for such an unsteady case.  
The ring vortex presents a unique challenge in simulating this flow; it is constantly 
changing.  Figure 4.29 is an intrinsic swirl isosurface of value ~2 [19].  The propeller 
blades are colored by pressure.  Notice the asymmetry of the ring vortex.  Some of the 
asymmetry is due to the nature of the ring vortex itself, but it is believed that the 
asymmetry of the stern appendages and resulting wakes have some influence on the 
ring vortex structure as well. 
  
Figure 4.29:  Swirl parameter isosurface showing the instantaneous ring vortex 
structure. 
 
Figures 4.30 and 4.31 show the ring vortex in relation to the entire submarine.  
Figure 4.30 is another isosurface picture showing the establishment of the ring vortex 
at the rear of the submarine.  Figure 4.31 is a particle trace.  The swirl in the trace is 






Figure 4.30:  Ring vortex in relation to submarine. 
 
 





 The next set of figures is a comparison between the crashback velocity 
contours and a similar set of forward propelled contours.  The crashback velocity 
contours are for the cbsub.2c case.  The related forward case is the fwdsub.2c case.  
The first two pictures, Figure 4.32, are yz-plane axial velocity contours of the 
propeller.  Figure 4.33 is a set of xy-plane axial velocity contours showing the 
reversed flow region around the propeller of the crashback case. 
 
 
cbsub.2c  J = -1.45 
 
 
fwdsub.2c  J = 1.3 
Figure 4.32:  Yz-plane axial velocity contour comparison. 
 
 
cbsub.2c  J = -1.45 
 
 
fwdsub.2c  J = 1.3 




 There are several things to note in the above velocity contours.  The 
impingement on the boundary layer upstream of the propeller is clearly shown in the 
crashback contour of Figure 4.33.  In the crashback contour of Figure 4.32, the 
instability of the flow field and resulting asymmetry can be seen.  The propeller in 
crashback also has a much larger region of influence than does the propeller rotating 
forward.  The crashback flow field is very complex and is an intriguing flow to model.  
The results presented in this section show good agreement with the experimental 
results and several of the pictures clearly show the physical phenomenon associated 
with crashback flow. 
4.6 Possible Sources of Error 
There are a couple of possible sources of error.  As with any study, the results 
are not infallible, but considering the good to excellent agreement with the 
experimental results, the overall quality of the computations is felt to be very high.   
Considering the bare hull drag, one source of error might be the absence of the 
test strut.  At the onset of the study, it was decided that the strut was probably a 
negligible source of drag.  But it is recognized that the strut would have a contribution 
to the recorded drag.  Also, the tunnel walls were not modeled.  All of the 
computations were run as open water simulations.  It was decided that the tunnel 
blockage was not sufficient as to warrant the computational resources that would be 
required for such a large-scale simulation. 
Another possible source would be the geometry definition for the hull.  This 




Figure 4.34, with the highest Reynolds numbers (as in those for the full scale 
submarine), a numerical artifact is present in the velocity flow field.  This artifact is 
represented as the dark blue area in the boundary layer region.  Although this artifact 
affects the boundary layer region of the velocity flow field, it doesn’t seem to have a 
major effect on the overall flow field. 
 
Figure 4.34:  Numerical artifact in high Reynolds number flow boundary layer.         
Re = 1 billion. 
 
When the curve definition for the hull is analyzed by taking the second 
derivative, it is noted that the curve is not entirely smooth.  The top line is the hull 





Figure 4.35:  Hull curve and 2nd derivative.  Large plot is close up of stern region. 
 The ‘wiggles’ apparent in the hull definition may have caused some bumps in 
the computational model of the hull.  While at the lower Reynolds number this didn’t 
seem to have much of an effect, it did affect the boundary layer for the higher 
Reynolds numbers.  At the higher Reynolds numbers, the boundary layer is so thin 




that the hull definition is the culprit, the curve would need to be smoothed, a new 
computational model generated, and the solution run again. 
 The last source to be discussed is the grid resolution behind the stern 
appendages.  Grid refinement to the rear of the stern appendages would help resolve 
the wakes.  The tighter resolution of the wakes might yield some more interesting flow 











 Computational simulation is growing by leaps and bounds.  Technological 
advances are making it easier and faster to model complex geometries and physics.  
This study has shown that the flow solver, U2NCLE, can produce valid results for 
isolated propeller, bare hull, forward propelled, and crashback submarine simulations.   
With the exception of the bare hull configuration, all simulations produced solutions 
with excellent agreement to experimental data.  Although the agreement between the 
experimental drag coefficient and the computational drag coefficient for the bare hull 
would not be considered excellent, it would still be considered good agreement.    
 The flow solver has also been shown to run long duration unsteady problems, 
such as 18-20 propeller revolutions for a submarine in crashback.  Previous propelled 
studies have only run 8-10 revolutions. 
 With respect to the turbulence models, it has been determined that the 
consistency of turbulence model use is more important than which particular model is 
used.  While the q-ω turbulence model generally produced better agreement with 
experimental data, it was also more difficult to run.  Its sensitivity to the surface grid 





The importance of the computational geometry itself has also been pointed out.  
The Spalart-Allmaras model has been shown to be both forgiving and reliable.  The 
results, particularly for the forward propelled simulations, produced with the Spalart 
model all had good to excellent agreement with the experimental results. 
 The Reynolds scaling study showed that the drag coefficient for the bare hull 
decreased with the increase in Reynolds number.  Related to this, the boundary layer 
became increasingly thin with Reynolds number as well.  The change in the velocity 
profiles is something that cannot be taken into consideration with Reynolds scaling of 
forces.  Depending on which flow characteristics are of great importance, 
computationally simulating the entire flow field becomes essential, particularly with 
respect to the propeller.  Reynolds number affects the extent of the propeller’s 
influence on the surrounding flow.  The propeller flow field has some localized flow 
characteristics that cannot be accounted for through basic Reynolds scaling.  Thus, the 
need to computationally simulate the entire flow field for higher Reynolds numbers 
has been supported.   
 It has been shown that the stern appendages have the greatest influence on both 
the hull and propeller flow fields.  The propeller is more efficient mounted on a 
submarine than isolated by itself.  By itself, it actually creates more drag because of 
the effective inflow.  The boundary layer interaction between the hull, appendages and 
propeller is actually a good thing.  It allows the propeller to take advantage of a 




 The submarine crashback has been discussed and pictorially described.  
Specific flow characteristics have been pointed out, and insights gained in the nature 
of this very complex, and unsteady flow.  The validation of the code to run crashback 
simulations is also very important. 
 This study has made a significant advance towards the accurate prediction of 
forces and flow characteristics for a fully submerged body.  It is one of the first studies 
to validate fully submerged and propelled simulations with experimental data.  This 
study has hopefully shed a little light on understanding the physics associated 
submarine flow fields.  This understanding might help with the design of a faster, 
quieter submarine. 
5.2 Recommendations 
Several recommendations are made: 
• Complete a grid topology and density study on the bare hull drag 
coefficient to determine why the agreement with experimental data 
degrades with increase in Reynolds number. 
 
• Smooth hull definition and re-run full-scale bare hull simulations. 
• Run additional crashback simulations to see if agreement is consistent. 
• Refine the propeller tips to run a full-scale propelled simulation. 
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Bare Hull (nonappended, unpropelled LCC hull) 
bare.1a small 7.77 x 105 10 ------- q-ω 
bare.1b small 1.55 x 106 20 ------- q-ω 
bare.1c small 2.33 x 106 30 ------- q-ω 
bare.2a LCC 4.49 x 106 1.86 ------- q-ω 
bare.2b LCC 8.41 x 106 3.41 ------- q-ω 
bare.2c LCC 21.05 x 106 8.55 ------- q-ω 
bare.2d LCC 32 x 106 13.58 ------- q-ω 
bare.2e LCC 61.15 x 106 25.58 ------- q-ω 
bare.2f LCC 12.3 x 107 51.21 ------- q-ω 
bare.3a Full 5.35 x 108 16.87 ------- q-ω 
bare.3b Full 1.07 x 109 33.73 ------- q-ω 
bare.3c Full 1.6 x 109 50.6 ------- q-ω 
bare.4a LCC 4.49 x 106 1.86 ------- Spalart 
Allmaras 
bare.4b LCC 8.41 x 106 3.41 ------- Spalart 
Allmaras 
bare.4c LCC 21.05 x 106 8.55 ------- Spalart 
Allmaras 
bare.4d LCC 32 x 106 13.58 ------- Spalart 
Allmaras 
bare.4e LCC 61.15 x 106 25.58 ------- Spalart 
Allmaras 

















LCC 12.3 x 107 51.21 ------- q-ω 
Hull with Fins (appended, unpropelled LCC hull) 
apphull.1 LCC 32 x 106 13.58 ------- Spalart 
Allmaras 
Isolated P4381 Propeller 
isoprop.1a ------- 2.4 x 106 3.9 7.8 q-ω 
 78 






isoprop.1b ------- 2.4 x 106 6.93 7.8 q-ω 
isoprop.1c ------- 2.4 x 106 7.41 7.8 q-ω 
isoprop.2a ------- 2.4 x 106 3.9 7.8 Spalart 
Allmaras 
isoprop.2b ------- 2.4 x 106 6.93 7.8 Spalart 
Allmaras 
isoprop.2c ------- 2.4 x 106 7.41 7.8 Spalart 
Allmaras 
isoprop.3a LCC 32 x 106 16.87 4.25 Spalart 
Allmaras 
isoprop.3b LCC 32 x 106 
 
16.87 8.5 Spalart 
Allmaras 
isoprop.3c LCC 32 x 106 16.87 12.75 Spalart 
Allmaras 
isoprop.3d LCC 32 x 106 16.87 17 Spalart 
Allmaras 
isoprop.3e LCC 32 x 106 16.87 21.25 Spalart 
Allmaras 
Submarine (appended and propelled LCC hull – P4381) 
fwdsub.1a LCC 16 x 106 8.42 3.33 Spalart 
Allmaras 
fwdsub.1b LCC 16 x 106 8.42 4.32 Spalart 
Allmaras 
fwdsub.1c LCC 16 x 106 8.42 8.63 Spalart 
Allmaras 
fwdsub.2a LCC 32 x 106 16.87 4.25 Spalart 
Allmaras 
fwdsub.2b LCC 32 x 106 16.87 8.5 Spalart 
Allmaras 
fwdsub.2c LCC 32 x 106 16.87 12.75 Spalart 
Allmaras 
fwdsub.2d LCC 32 x 106 16.87 17 Spalart 
Allmaras 
fwdsub.2e LCC 32 x 106 16.87 21.25 Spalart 
Allmaras 
fwdsub.3a LCC 48 x 106 25.32 6.35 Spalart 
Allmaras 
fwdsub.3b LCC 48 x 106 25.32 12.68 Spalart 
Allmaras 










fwdsub.4a LCC 64 x 106 33.75 8.43 Spalart 
Allmaras 
fwdsub.4b LCC 64 x 106 33.75 16.88 Spalart 
Allmaras 
fwdsub.4c LCC 64 x 106 33.75 28.33 Spalart 
Allmaras 
cbsub.1a LCC 16 x 106 8.42 -3.35 Spalart 
Allmaras 
cbsub.1b LCC 16 x 106 8.42 -8.33 Spalart 
Allmaras 
cbsub.2a LCC 32 x 106 16.87 -3.33 Spalart 
Allmaras 
cbsub.2b LCC 32 x 106 16.87 -8.33 Spalart 
Allmaras 
cbsub.2c LCC 32 x 106 16.87 -11.67 Spalart 
Allmaras 





























fwdsub.1a; Yz-plane axial velocity; J=2.5 
 
 
fwdsub.1a; Xy-plane axial velocity; J=2.5 
 
 
fwdsub.1b; Yz-plane axial velocity; J=1.9 
 
 
fwdsub.1b; Xy-plane axial velocity; J=1.9 
 
 
fwdsub.1c; Yz-plane axial velocity; J=0.98 
 
 
fwdsub.1c; Xy-plane axial velocity; J=0.98 
 






fwdsub.2a; Yz-plane axial velocity; J=3.83 
 
 
fwdsub.2a; Xy-plane axial velocity; J=3.83 
 
 
fwdsub.2b; Yz-plane axial velocity; J=1.9 
 
 
fwdsub.2b; Xy-plane axial velocity; J=1.9 
 
 
fwdsub.2c; Yz-plane axial velocity; J=1.3 
 
 
fwdsub.2c; Xy-plane axial velocity; J=1.3 
 
 





fwdsub.2d; Yz-plane axial velocity; J=0.98 
 
 




fwdsub.2e; Yz-plane axial velocity; J=0.78 
 
 
fwdsub.2e; Xy-plane axial velocity; J=0.78 
 
 







fwdsub.3a; Yz-plane axial velocity; J=3.88 
 
 
fwdsub.3a; Xy-plane axial velocity; J=3.88 
 
 
fwdsub.3b; Yz-plane axial velocity; J=1.95 
 
 
fwdsub.3b; Xy-plane axial velocity; J=1.95 
 
 
fwdsub.3c; Yz-plane axial velocity; J=0.98 
 
 
fwdsub.3c; Xy-plane axial velocity; J=0.98 
 






fwdsub.4a; Yz-plane axial velocity; J=3.89 
 
 
fwdsub.4a; Xy-plane axial velocity; J=3.89 
 
 
fwdsub.4b; Yz-plane axial velocity; J=1.95 
 
 
fwdsub.4b; Xy-plane axial velocity; J=1.95 
 
 
fwdsub.4c; Yz-plane axial velocity; J=1.17 
 
 
fwdsub.4c; Xy-plane axial velocity; J=1.17 
 
Figure B.4:  Velocity contours; 20 knot tunnel speed; Re = 64 million. 
 
